to the EP400 chromatin remodeler complex and transactivates specific target genes. We observed that depletion of EP400 in MCV-positive MCC cell lines led to increased p53 target gene expression. We suspected that the MCV ST-MYCL-EP400 complex could functionally inactivate p53, but the underlying mechanism was not known. Integrated ChIP and RNA-sequencing analysis following EP400 depletion identified MDM2 as well as CK1α, an activator of MDM4, as target genes of the ST-MYCL-EP400 complex. In addition, MCV-positive MCC cells expressed high levels of MDM4. Combining MDM2 inhibitors with lenalidomide targeting CK1α or an MDM4 inhibitor caused synergistic activation of p53, leading to an apoptotic response in MCV-positive MCC cells and MCC-derived xenografts in mice. These results support dual targeting of MDM2 and MDM4 in virus-positive MCC and other p53 wild-type tumors. p53 | Merkel cell carcinoma | MDM2-MDM4 | casein kinase 1 alpha |
M erkel cell carcinoma (MCC) is an aggressive neuroendocrine carcinoma of the skin with an incidence in the United States that has tripled in the last two decades (1, 2) . In 2008, Feng et al. (3) discovered Merkel cell polyomavirus (MCV; MCPyV) clonally integrated in 8 of 10 MCC tumors. MCVpositive MCC contains integrated copies of the MCV genome and expresses small T antigen (ST) and a truncated form of large T antigen (LT) (4) . MCC tumor-associated truncated LT retains the N-terminal LXCXE, RB-binding motif, but deletes the Cterminal DNA-binding and helicase domains required for viral replication (3) . Expression of MCV ST and truncated LT can promote proliferation and transformation in several cell types, consistent with their oncogenic roles in MCC (5) .
The prototypic polyomavirus Simian vacuolating virus 40 (SV40) LT binds to the retinoblastoma-associated protein RB (RB1) and the cellular tumor antigen p53 (TP53) and inactivates their tumor-suppressive functions (6) . In contrast, MCV LT binds to RB, but not p53 (6) . Next-generation sequencing of MCC reveals that virus-negative MCC typically harbors p53 and RB mutations along with a UV mutational signature (7, 8) . In contrast, virus-positive MCC usually contains wild-type RB and p53 and no evidence for UV-induced mutations (7, 8) . Given the presence of wild-type p53 in virus-positive MCC, we sus-pected that MCV T antigens could functionally inactivate p53 activity.
p53 is mutated in a wide variety of cancers. Alternatively, wildtype p53 can be functionally inactivated by overexpression of MDM2, a ubiquitin ligase targeting p53, or MDM4 (MDMX) (9, 10) . MDM2 and MDM4 both have similar structures with N-terminal p53 binding and C-terminal RING domains (11) . Although MDM4 does not directly ubiquitinate p53, its RING domain facilitates the recruitment of ubiquitin to MDM2 (11) . MDM4 also has an autoinhibitory domain that reduces binding to p53 (12) . The MDM4 autoinhibitory interaction can be relieved by casein kinase 1 alpha (CK1α, CSNK1A1) (13) .
Here, we demonstrate that MCV ST functions as a transcriptional activator to increase levels of MDM2 and CK1α that, in turn, cooperate with MDM4 to inhibit p53 function in MCC. We demonstrate the synergistic efficacy of targeting both MDM2 and MDM4 in MCC.
Results and Discussion
LT Activates and ST Dampens the p53 Response. To study the effect of MCV T antigens on p53 in normal cells, a doxycyclineinducible vector expressing GFP or tumor-derived truncated or full-length forms of LT was introduced into IMR90 diploid
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Merkel cell carcinoma (MCC) is an aggressive skin cancer. While virus-negative [Merkel cell polyomavirus (MCV)] MCC contains inactivating mutations in RB and p53, MCV-positive MCC usually contains wild-type RB and p53. We demonstrate that MCV large T antigen binding to RB results in p53 activation, while MCV small T antigen reduces p53 activation by increasing levels of MDM2 and CK1α, an activator of MDM4. Targeted degradation of CK1α by lenalidomide or a specific MDM4 inhibitor acts synergistically with MDM2 inhibitors to activate p53 and induce apoptosis. Our work uncovers the mechanism behind MCV control of p53 in MCC and demonstrates the utility of targeting MDM2 and MDM4 combinatorially in p53 wild-type tumors.
lung fibroblasts ( Fig. 1A and SI Appendix, Fig. S1A ). The truncated forms of LT include L21 (encoding residues 1-292), 162 (residues 1-320), and 168 (residues 1-275), each containing an intact LXCXE motif (6) . LT-L21 or -162 expression in IMR90 significantly increased levels of ARF and several p53 target genes, including GDF15 and p21 (CDKN1A), as assessed by quantitative RT-PCR (RT-qPCR) ( Fig. 1A ). Inhibition of RB activates the E2F transcription factors, leading to increased levels of ARF (10) . ARF is a potent inhibitor of the major p53-degrading E3 ligase MDM2 (14) . LT expression increased protein levels of p53 as well as phospho-serine 15 p53 (P-p53) and p21, indicative of p53 activation. Expression of LT-162 also led to increased levels of cleaved PARP( * * ), indicating an apoptotic response.
LT and ST are coexpressed as splice variants from the integrated MCPyV viral DNA in MCC tumors. To mimic this in IMR90 cell lines, we introduced a genomic version of LT-L21 that coexpresses ST. When ST was coexpressed with LT-L21, lower levels of p53 activation (p21, P-p53, and Ac-p53) were observed compared with the response to LT-L21 only ( Fig. 1B and SI Appendix, Fig. S1B ). The results indicate that truncated LT can activate p53, while ST can reduce this response when coexpressed.
To determine whether increased levels of ARF required LT binding to RB, we introduced a point substitution mutation in the LXCXE motif (E216K) of LT-L21. When stably expressed in HCT116 cells, L21-E216K was unable to coprecipitate RB, but retained binding to VPS39 that binds to a different region of LT (SI Appendix, Fig. S1C ) (5) . When expressed in IMR90 cells, L21-E216K did not increase levels of ARF, p21, p53, or Ac-p53 (Fig. 1C ). These results indicate that LT binding to RB contributes to increased levels of ARF and activation of the p53 response.
MDM2 and CK1α Are Transcriptional Targets of the ST-MYCL-EP400
Complex. We recently reported that MCV ST recruits the MYC homologue MYCL (L-Myc) to the EP400 chromatin remodeler complex to bind specific gene promoters and activate their expression (15) . To identify genes regulated by the ST-MYCL-EP400 complex in MKL-1 cells, RNA-sequencing (RNA-seq) was performed after depleting EP400 by using three different shRNAs (15) . Using the reported RNA-seq results, we assessed changes in gene expression of known p53 target genes (9) . EP400 depletion led to increased levels of many p53 target genes, including p21 (CDKN1A) ( Fig. 2A ). By using the fold change cutoff of 1.5, a total of 59 genes were up-regulated and 17 were down-regulated of 198 total p53 target genes (SI Appendix, Table S1) (9) . EP400 depletion also led to a decrease in MDM2 E3 ligase and CK1α levels ( Fig. 2B and SI Appendix, Fig. S2 A-C). MDM2 and MDM4 contain an N-terminal p53-binding domain that binds directly to the transactivation domain of p53 to block p53 activation (11) . MDM4 can regulate its own activity toward p53. The p53-binding domain of MDM4 forms an intramolecular interaction with its central W motif region and thereby reduces binding to p53 (12) . CK1α (CSNK1A) is a serine/threonine kinase that binds and phosphorylates MDM4, which in turn prevents this autoinhibitory interaction and activates MDM4 (13) . RT-qPCR and Western blotting confirmed that p21 levels increased and MDM2 and CK1α levels decreased upon EP400 knockdown in MKL-1 cells ( Fig. 2B and SI Appendix, Fig. S2C ).
ChIP-sequencing (ChIP-seq) with antibodies to ST, MAX (which dimerizes with MYCL), and EP400 revealed enrichment for the MDM2 and CK1α promoters (SI Appendix, Fig. S2E ) (15) . We performed ChIP-qPCR for MAX, ST, and EP400 and observed specific enrichment for these promoters (Fig. 2C ). We depleted ST or ST and LT using specific shRNAs in MKL-1 cells and found that the levels of MDM2 and CK1α decreased ( Fig. 2D) (16) . This result together with the RT-qPCR and ChIP data indicates that MDM2 and CK1α are direct transcriptional targets of the ST-MYCL-EP400 complex. Of note, MDM4 levels decreased upon depletion of ST, although we did not find evidence for direct activation of MDM4 by ST. ST increases levels of CK1α that could serve to activate MDM4 activity toward p53.
Since MDM2 is a p53 target gene, it is possible that the MCV T antigens indirectly increase MDM2 levels by activating p53 (9) . To exclude this possibility, we introduced a dominantnegative p53 (p53DD) that binds and inactivates the endogenous p53 into IMR90 cells (17) . The IMR90-p53DD cells were further transduced with MYCL and MCV LT-L21 with ST (17) . We detected ST binding to the MDM2 and CK1α promoters by ChIP-qPCR and observed that EP400 enrichment to the MDM2 promoter increased in the presence of MCV T antigens ( Fig. 2E and SI Appendix, Fig. S2F ). However, MDM2 inhibitor treatment with nutlin-3 did not increase p53, P-p53, and PUMA levels, indicating that p53 failed to become activated in the presence of p53DD (Fig. 2F ). To further determine whether the ST-MYCL-EP400 complex binds to these promoters independently of p53, we depleted p53 in MKL-1 with shRNA and performed ChIP-qPCR of EP400 and ST (SI Appendix, Fig. S2G ). We found that p53 depletion did not affect EP400 and ST enrichment to the MDM2 and CK1α promoters.
MDM4 Is Overexpressed in Virus-Positive MCC. Overexpression of MDM4 can be found in some cancers with wild-type p53 (18) . We used three sets of MDM4 primers to assess total MDM4 (all splice variants), MDM4-FL (full-length), and MDM4-S (short variant missing the RING domain) levels in MCC cell lines (18) . Virus-positive (MKL-1, -2, MS-1, WaGa, PeTa, and BroLi) MCC cell lines had significantly higher levels of total MDM4 and MDM4-FL relative to the virus-negative (UISO, MCC13, and MCC26) MCC lines (Fig. 3A) . Furthermore, the MDM4-FL to -S ratio was higher in virus-positive lines (SI Appendix, Fig. S3A ). We assessed MDM4-FL protein levels in these MCC cell lines. Virus-positive MCC cell lines expressed high levels of MDM4-FL compared with virus-negative MCC cell lines ( Fig. 3B ). Of note, the virus-negative UISO cell line had a high MDM4-FL to -S ratio, but did not express abundant levels of MDM4 protein. LT's activation of p53 in virus-positive MCC may create dependency on MDM2 and MDM4 expression. Targeted next-generation sequencing (Oncopanel) of 101 MCC tumors revealed frequent low-copy gains (three to eight copies) of MDM4 regardless of the presence of MCV (SI Appendix, Fig.  S3B ) (19) .
Inhibition of MDM2 and MDM4 Activates p53 in MCC. We observed that nutlin-3 MDM2 inhibitor treatment activated p53 as shown by increased levels of total p53, P-p53, Ac-p53, p21, and PUMA in MKL-1, WaGa, PeTa, and BroLi MCC cell lines containing wild-type p53, but not in MS-1 cells harboring an inactivating p53 mutation (Figs. 2F and 4A and SI Appendix, Fig. S2B ) (20) . Recent reports demonstrated that the CRBN (Cereblon) E3 ligase can specifically target CK1α for ubiquitination in the presence of lenalidomide (21, 22) . We assessed whether lenalidomide could decrease CK1α levels and activate p53 in MCC cells. MKL-1 cells were treated with lenalidomide with or without cycloheximide to block protein synthesis. Although CK1α levels did not change appreciably with cycloheximide treatment alone for 6 h, levels rapidly decreased following the addition of lenalidomide (SI Appendix, Fig. S4A ).
Lenalidomide treatment alone led to a modest increase in p53 levels. However, when nutlin-3 and lenalidomide were combined, larger increases in p53 and p53 target genes were observed in the cell lines with wild-type p53 ( Fig. 4A and SI Appendix, Fig. S4B ). We assessed p53 stability in MKL-1 cells treated with nutlin-3, lenalidomide, or both in the presence of cycloheximide by quantitative Western blotting (SI Appendix, Fig. S4D) . Lenalidomide significantly increased the stability of p53 in the presence of nutlin-3 (23) . Depletion of CK1α by lenalidomide may decrease MDM4's activities toward p53. We tested whether lenalidomide enhances p53 activation in virusnegative and p53 wild-type UISO cells, which express little MDM2 and MDM4 ( Fig. 3 A and B) . We observed that lenalidomide decreased the CK1α levels but failed to enhance p53 activation by nutlin-3 in UISO cells (Fig. 4B) .
Structural analysis of CRBN revealed that lenalidomide could strongly promote the interaction with CK1α, while the related compounds thalidomide and pomalidomide were much less capable of recruiting CK1α to CRBN (22) . Compared with lenalidomide, pomalidomide and thalidomide did not reduce CK1α protein levels in MKL-1 cells (SI Appendix, Fig. S4C ). Furthermore, pomalidomide or thalidomide did not enhance the p53 response to nutlin-3 in MKL-1 cells (Fig. 4C) .
To test the contribution of CK1α to MDM4 binding to p53, we performed IP for MDM4, p53, and CK1α with lysates prepared from MKL-1 cells treated with nutlin-3 and lenalidomide for 40 h (Fig. 4D and SI Appendix, Fig. S4E ). Lenalidomide and nutlin-3 reduced CK1α levels and increased p53 levels relative to nutlin-3 only. Despite the increased levels of p53, lenalidomide cotreatment with nutlin-3 did not increase coprecipitation of p53 by MDM4, CK1α, or activated MDM2 compared with untreated or nutlin-3-treated controls. This suggests that reduced levels of CK1α decreased MDM4 binding to p53.
If CK1α enables MDM4 binding to p53, we expected that loss of CK1α would reduce MDM4 binding to p53 and enhance p53 activation (13) . To test this, we depleted CK1α in MKL-1 by two independent CRISPR sgRNAs and assessed p53 activation following nutlin-3 treatment ( Fig. 4E) (24) . CRISPR knockout of CK1α led to increased p53 activity assessed by increased levels of activated MDM2 (phospho-serine 166; P-MDM2), P-p53, p53, and p21, indicating that a reduction of CK1α, either by lenalidomide or sgRNAs, enhances p53 activation (25) . Notably, addition of lenalidomide reduced CK1α protein that was not completely depleted by CRISPR and further increased the marks of p53 activation. We tested whether a specific MDM4 inhibitor (SC-24-UR99, UR99) can enhance the activities of MDM2 inhibitors nutlin-3 or HDM201 (Fig. 4F ). UR99 specifically blocks MDM4 binding to p53. In a biochemical time-resolved FRET assay measuring the interaction between MDM4 and p53, the potency of UR99 was 1.4 nM (IC 50 ), while its potency in the MDM2-p53 FRET was >10,000 nM. In a cellular bioluminescence resonance energy transfer (BRET) assay measuring the interaction between MDM4 and p53, its potency was 13 nM (IC 50 ), and it was >10,000 nM in the MDM2-p53 BRET. In OCI-AML2 cells, which express high levels of MDM4, it can inhibit proliferation with a potency of 21 nM (50% growth inhibition). We found that inhibition of MDM4 by UR99 increased p53 activation by the MDM2 inhibitors.
Lenalidomide Synergizes with MDM2 Inhibitors to Induce Apoptosis in MCC Cell Lines. To test the effect of MDM2 inhibition on MCC cell viability, we treated MKL-1 (p53 wild type) and MS-1 (p53 mutant) cells with the MDM2 inhibitors nutlin-3, RG7388, or AMG232 for 96 h and performed a 2, 3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5carboxanilide (XTT) viability assay (26) . MKL-1, but not MS-1, cells were sensitive to all three MDM2 inhibitors (Fig. 5A) . We tested the effect of combining lenalidomide with nutlin-3, RG7388, and AMG232 and observed significantly improved cytotoxicity of all three MDM2 inhibitors when used with lenalidomide (SI Appendix, Fig. S5 A-D) . Synergy testing using the Compusyn (SI Appendix, Fig. S6A ) and Bliss (Fig. 5B ) methodologies revealed synergistic activity for the combination of nutlin-3 or RG7388 with lenalidomide or UR99 (SI Appendix, Fig. S6 B-F) (27) (28) (29) (30) . In contrast, thalidomide had no evidence for synergy when used in combination with nutlin-3, consistent with its relatively reduced effects on CK1α levels (Fig. 5B) .
To determine whether lenalidomide affected the ability of nutlin-3 to cause cell death by apoptosis in MCC cells, we used dynamic BH3 profiling to measure changes in apoptotic priming upon treatment (31) . Addition of lenalidomide to nutlin-3 enhanced the priming effect for apoptosis ( Fig. 5C ). To determine the efficacy of dual inhibition of MDM2 and MDM4 in vivo, we treated MKL-1 MCC xenografts with HDM201 (suitable for in vivo efficacy studies) with or without lenalidomide ( Fig. 5D and SI Appendix, Fig. S5F and Table S3 ). We found that the addition of lenalidomide greatly enhanced the efficacy of HDM201, suggesting a potential for clinical utility of the combinational therapy for p53 wild-type tumors expressing MDM2 and MDM4. We propose a model where MCV T antigens increase the dependence on MDM2, MDM4, and CK1α to suppress p53 activity with therapeutic potential in virus-positive MCC (Fig. 5E ).
Lenalidomide has been used to treat the hematologic malignancies, myelodysplastic syndrome (MDS), and multiple myeloma (21) . It was reported that mutant CSNK1A1 predicts for a poor prognosis in lenalidomide-treated MDS (32) . Furthermore, MDS with mutant p53 responds less well to lenalidomide and is more likely to progress to acute myeloid leukemia compared with MDS with wild-type p53, suggesting that lenalidomide's effects may be partially dependent on inactivating MDM4 (33) . Our work provides the rationale for the combination of lenalidomide with MDM2 inhibitors in MCC and perhaps in other solid tumors and hematologic malignancies containing wild-type p53.
Materials and Methods
Gene Expression Analysis. The p53 targetome analysis is described in Allen et al. (9) . RNA-seq data reported in Cheng et al. (15) were reanalyzed by using the DESeq2 and EnhancedVolcano R packages (34, 35) .
Plasmids. The GFP and T antigen cDNAs were Gateway (Invitrogen) cloned into pLIX 402 inducible empty or pLenti CMV Blast empty vector (w263-1), gifts from David Root, Broad Institute of MIT and Harvard, Cambridge, MA (Addgene 41394) and Eric Campeau, Zenith Epigenetics, Calgary, Canada (Addgene 17486), respectively. The sgRNA clones for CK1α (BRDN0001149315, BRDN0001145680) were gifts from John Doench and David Root (Addgene plasmid 76188, 76189), both at Broad Institute of MIT and Harvard, Cambridge, MA). pLKO-p53-shRNA-941 was a gift from Todd Waldman, Georgetown University School of Medicine, Washington, DC (Addgene 25637).
